A series of recent terrorist attacks makes it clear that developing chemical sensors for chemical warfare agents with rapid response, high sensitivity and stability is essential. Nerve agent sarin (2-(fluoro-methyl-phosphoryl)oxypropane) is a typical member of organophosphorus compounds, which are recognized as one of the most toxic warfare agents. Considering sarin's high toxicity, DMMP (dimethyl methylphosphonate) is widely used as its simulant in the laboratory because of its similar chemical structure and much lower toxicity. This review serves to introduce the development of a variety of chemical sensors applied to the detection of DMMP in recent years, including mass-sensitive sensors, chemicapacitors, chemiresistors, as well as field-effect transistors. Meanwhile, the research and applications of mass-sensitive and resistance based DMMP sensors are highlighted. For sorption-based sensors, active materials play crucial roles in improving integral performances of sensors. The novel active materials pertaining hydrogen-bond acidic polymers, metal oxides, carbon nanotubes, porous materials and graphene is focused on in this review
Introduction
In recent years, terrorist attacks primary based on releasing explosives and chemical warfare agents in the public happened frequently which makes it imminent to develop chemical sensors for the high selective and sensitive detection of warfare agents. The chemical sensors should meet the demands of low power consumption and being able to achieve trace detection in the real world.
Chemical warfare agents are classified by their mechanism of action and include blood agents such as hydrogen cyanide, blister agents including nitrogen and sulfur mustards, and nerve agents including sarin and VX. Among the many toxic chemical agents, organophosphorus compounds, the typical members of nerve agent, are recognized as one of the most toxic warfare agents. There are two main classes of agents, the G-series and V-series. [1] Sarin (2-(fluoro-methyl-phosphoryl)oxypropane) as representative of G-series caused the famous terrorist attacks in 1995's Tokyo, which led to 13 people dead and about 6,300 people injured. Therefore, sarin has become one of the main ructure of hydrogen-bond acidic polymers: FPOL [3] , SXFA [4] , BSP3 [5] , HB-PCS6 [6] an target chemical warfare agents we focus on. However, considering sarin's high toxicity, DMMP (dimethyl methylphosphonate) is widely used as its simulant because of similar chemical structure and much lower toxicity. The chemical structures of -P=O-and -P-O-that DMMP contain are important for detection and further research of this simulant is helpful to provide a reference and basis for establishing an effective method of detecting real nerve agent sarin. The structures of nerve agent sarin and its simulant DMMP are shown in Fig. 1 .
This paper reviews the progress in of various chemical sensors applied to the detection of DMMP -the stimulant nerve agent sarin, and highlights the research and applications of mass-sensitive and resistance-based DMMP sensors. 
Mass-sensitive sensors for DMMP detecting
In the field of chemical warfare agent detectors, one of the leading candidates is a mass-sensitive sensor. There are several advantages such as small size, light weigh simple structure, high sensitivity and signal to noise ratio that have made it potential to realize low power, low cost, and portable sensing devices for warfare agents. The general principle of these mass-sensitive sensors is as follows: upon interaction with a chemical species, the mass of the coating reversibly changed, which are detected by the transducer and translated into an electrical signal such as frequency.
DMMP detection based on SAW sensor
Strongly hydrogen-bond acidic polymers are the most widely used material for mass-sensitive sensing devices in application to DMMP detection. These polymers were of interest for obtaining high sensitivity to hydrogen-bond basic organophosphorus nerve agents through hydrogen bonding. These interactions promoted sorption of the vapors into the polymer film on the device surface, which increased the sensor response. The property of hydrogen-bond acidity was incorporated into the polymer by including fluorinated alcohol or fluorinated phenol functional groups in the polymer structure. Since 1980s, a great number of hydrogen-bond acidic polymers and architectures have now been developed, from linear organic polymers containing fluoroalcohols to silicon-containing polymers with phenolic or fluoroalcohol functionalities in linear and branched architectures. d HB-PCSOX4 [6] in order to promote the hydrogen bonding interaction with DMMP, after then, gla Ta s with hexafluoro-2-propanol groups (HB-PCS6) showed steady performances in the longterm test, while the hyperbranched polymers with similar functional groups with BSP3 gave response of 3629Hz to
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e frequency changes to DMMP vapor were lin le of de vapor through hydrogen bond, which led to the mass change in the surface of QCM sensor. The sensor improved the st to those functionalized by hydrogen-bond acidic branched copolymers.
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rmation of strong P=O-Cu bonds. The detection limits of this mi ecorated single-walled carbon Scientists of Naval Research Laboratory synthesized FPOL (fluoroepoxy prepolymer dubbed fluoropolyol) as sorbent material for organophrosphorus compounds on SAW sensor. The response of FPOL on 158 MHz SAW devices was over 1000 Hz at 1 mg/m 3 DMMP [3] . The structure of FPOL is shown in Fig. 2 . Although many new polymer structures were synthesized ss transition temperature (Tg) of these new polymers were all above room temperature which resulted in a limitation of the sensors' sensitivity.
Polydimethylsiloxane has one of the lowest T g values known among polymers and its chemical and thermal properties are all stable. To address the issue of obtaining a fluoroalcohol-containing polymer with intrinsically low T g , Grate turned to the use of a siloxane polymer backbone and synthesized linear silicon-based fluoroalcohol and fluorinated-phenol polymers [2] , such as SXFA [4] BSP3 [5] (Fig. 2) . BSP3 had the T g value of only 6 . king BSP3 on 200 MHz SAW devices, the signal was over 20,000 Hz when responsed to 8 mg/m 3 DMMP, and the detection limit would be about 1 ppb by volume. This material showed good performance of selectivity as well.
Hyperbranched polymer has attracted a great attention due to its higher molecular density of exo-presented functional groups for improved sensitivity and lower density of segmental entanglements for faster diffusion of vapor molecules in and out of the polymer matrix. A series of hyperbranched silicon-based polymers were generated by Dvornic et al. [6] in 2004 and their responses to DMMP were studied on 500 MHz SAW devices. The hyperbranced polymer 0.5mg/m 3 of DMMP.
DMMP Detection based on QCM Sensor
Wei He [7] et al. coated QCM sensors with poly{methyl[3-(2-hydroxy-3,4-difluoro)phenyl]propyl siloxane} and examined its response after exposure to DMMP. The authors found that the sensor responded linearly to DMMP vapor with a slope of 14 Hz/ppm in the 1-50 ppm range with a detection limit of 0.21ppm. The property of high selectivity of this sensor was also demonstrated when compaired with interfering vapors such as water, ethanol, acetone. Yadong Jiang et al. [8] used 8 MHz QCM sensor coated with hexafluoroisopropanol-functionalized siloxane polymer observed DMMP vapor ranged from 10-60 ppm. Th ear and the sensitivity was up to 23.07Hz/ppm with a detection limit of 0.13 ppm. The property of selectivity with other ordinary VOCs (Volatile Organic Compounds) was also studied.
Studies on sensing materials are not limited to polymers; several novel materials like zeolite films and metal oxides have been developed and applied to DMMP detection as well. Xie Hai-fen et al. [9] firstly studied the application of ZSM-5 zeolite films for DMMP detection. The results showed that this sensor was capab tecting10 -6 DMMP within 100 s to accomplish the process of absorption and desorption. ZSM25 films was almost renewable after being heated to 20 , which guaranteed its reproducible responses during DMMP detection.
Junhui He et al. [10] used single crystal WO 3 nanoflakes as QCM sensing layer. One of the possible mechanisms was that the strongly bound surface water molecules on the surface of WO 3 M with response times on the order of a few hundred seconds.
In recent years, the implementation of a high performance gravimetric sensor array, contour-mode MEMS resonations (CMRs), has been reported for detection of nerve agent sarin simulant DMMP. CMRs have significant advantage compared with previous MEMS/NEMS technology including high frequency of operation, high quality factor in air, large area available for sensing and enhanced dynamic range due to multiple frequencies on the same silicon substrate. Chiara Zunig and Matteo Rinaldi et al. [12] took such advantages and fabricated aluminum nitride CMRs microelectromechanical sensors based on single-stranded DNA (ssDNA) d decorated on SWCNs along with the advanced sensing platform resulted in a sensitive frequency shift of the device when exposed to DMMP vapor. carbosilane (HC) polymers to enhance sensitivity. The response time was reduced to less than 4 seconds, while the detection limits reached as low acitance response was not only strongly relevant with surface interactions, but also affected by different binding and interaction energies.
power consumption and the ease of high precision resistance measurements. Their working principle relies on the simple resistance change in response to the binding of analytes.
tection, including modified carbon nanotubes, metal oxides, zeolite and newly developed graphene as well.
etecting sub-ppb concentration lev onses we r DMMP detection. The results of PANI/MWNTs were the most satisfied on om temperature ranging from 20-50 ppm. In the condition of the optimal SWNT density for the sensor, the detection limit of the SWNT-based sensor was 5 ppm, restricted by the experimental instruments, and the xposed to 10 ppm concentration of DMMP. ad nanotubes (SWCNs). A certain sequence of DNA
DMMP Detection based on Chemicapacitors
Snow et al. [13] studied the application of single-walled carbon nanotubes (SWCNs) onto chemicapacitors for DMMP detection. Carbon nanotubes were coated with hydrogen-bonding poly as 500 ppb. The results showed that the magnitude of the cap
DMMP Detection based on Chemiresistive Sensors
Chemiresistive sensors are attractive because of low Several materials have been adopted in the area of DMMP de
Carbon Nanotubes Chemiresistive Sensors for DMMP
In 2003, Snow et al. [14] of Naval Research Laboratory constructed chemiresistive sensors for DMMP based on random networks of single-walled carbon nanotubes. The sensors were capable of d els of DMMP, and the selective response toward target molecules and interfering vapor such as humidity and hydrocarbons were realized through coating HC polymer prior to the sensing element. This work made the foundation for building chemicapacitors for DMMP detection we mentioned above.
Fei Wang et al. [15] reported carbon nanotube/polythiophene coated chemirsistive sensors. The introduction of hexafluoroisopropanol substituted polythiophene (HFIP) was designed to adsorb the phosphate esters via H-binding. The sensors showed fast and reversible responses to DMMP vapor even at ppb level, and their selective resp re also ideal. After a series of experiments, the authors indicated that the high performance of this sensor was attributed to both SWNTs and the interaction of HFIP-PT and DMMP. The former brought about the charger transfer and introduction of scattering sites; the latter caused an increased physical separation of the SWNTs.
Chang-Pin Chang and Chun-Lung Yuan [16] compared the performance of polyaniline (PANI), poly[2-methoxy-5-(2-ethyloxy)-p-phenylenevinylene] and poly(methyl methacrylate) modified multi-walled carbon nanotubes (MWNTs) based chemiresistive sensors fo es. Atomic force microscopy (AFM) was utilized to investigate the swelling process during adsorption kinetic of the film. The results showed that the film swelled reversibly, which contributed to sensitive resistance change upon exposure to ppm level of DMMP vapor.
YanyanWang et al. [17] improved the deposition method for SWNT networks, which results good electrical contact between SWNTs and Au electrodes. The deposited SWNT sensors exhibit an excellent response to DMMP vapor at ro resistance response levels of the sensor were maintained after 6000 seconds e
Chemiresistive Sensors for DMMP Detection based on Other Materials
Soo Chool Lee et al. [18] fabricated SnO 2 -based thick-film gas sensor with three additives Mo, Sb, Ni to promote its performance in detecting DMMP vapor. The experiment results indicated that the Ni promoter played an important catalytic role in the degradation of DMMP which directly enhanced the sensor response; while the dition of NiO, Sb 2 O 3 , or MoO 3 promoters contributed to improved recovery property of the sensor. In particular, the Mo5Sb1·Ni2(I) sensor showed recoverable response of about 70% in the detection of 0.5 ppm DMMP at 350 during multiple cycles. Moreover, the sensor showed the sensor response of 42% when exposed to 0.1 ppm DMMP. Although it is not comprehensive, we hope that by highlighting select works, this review would offer inspirations to als of nerve agent detection.
Xiaogan Li and Prabir K. Dutta [19] investigated the impedance-based DMMP sensor coated with Na + -exchanged zeolite Y with Si/Al 2.5. The influence of DMMP on the ionic conductivity of zeolite Y was studied that the Na + conductivity in zeolite decreased in the presence of ppm level DMMP vapor. The surface of the zeolite had negligible effects on the decomposition of DMMP and intrazeolite cation motions fa rientation were responsible for the decrease in impedance. The authors pointed out that the change in impedance of NaY could be used as a sensor for detection of organophosphates at 300-350 °C. The device showed selectivity to DMMP in the presence of CO, NH 3 , and hydrocarbons, methane and propane for example.
Jeremy T. Robinson et al.
[20] constructed high-performance gas sensor by using reduced graphene oxide as the active material in the application of detecting simulants of nerve agent, including DMMP. The both the hydrazine hydrate exposure time and film thickness could be contro
Chemical Sensor for DMMP Detecting based on Field-Effect Transistor
Field-effect transistor (FET) has become one of the most important parts of modern microelectronics, which relies on an electric field to control the shape and hence the conductivity of a channel of one type of charge carrier in a semiconductor mat nomaterials that make them particularly well suited to serve as active material for a wide range of sensor applications. Among the many forms of sensors based on FETs, the SWNT FET platform perhaps is the most developed one. [21] Lingtao Kong et al. [22] firstly fabricated SWNT-FET-sensor based on novel active material N-4-Hexafluoroisopropanolphenyl-1-pyrenebutyramide (HFIPP). Control electrical and fluorescent experiments were carried out to demonstrate that m eractions. The detection limit achieved as low as 50 ppb; furthermore, the response and reproducibility can be presented clearly even at very low concentration of DMMP. Besides, the selectivity toward VOCs, such as hexane, toluene etc. was also satisfied.
Similarly, Lingtao Kong et al. [23] construct strong hydrogen-bond acidity
Summary and Outlook
New generations of chemical sensors applied to detect DMMP, nerve agent sarin simulant, have been increasingly reported in recent years. High sensitivity and selectivity, combined with the ability of low power, low cost and ease of use is essential to counter potential terrorist attacks. Sensing devices range from mass-sensitive sensors, chemresistors, chemcapacitors as well as field-effect transistors provide remarkable platforms to achieve trace analysis. For sorption-based sensors, active materials play crucial roles in improving overall performances. The integration of mo lor materials so that we can construct high-performance detectors that meet our requirements. The active materials discussed in this review involve hydrogen-bond acidic polymers, metal oxides, carbon nanotubes, porous materials as well as graphene.
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